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White Cell Antenna Beamformers 
Cross reference to Related Patents 

This document incorporates by reference the disclosures of the following U.S. Patents in their 
entireties: 6,266,176; 6,348,890; 6,388,815; and 6,348,890. 

5 Technical Field. 

This invention relates to White Cells that generate optical time delays for antenna beam forming. 
Two types of White Cells are disclosed. One type of White Cell is a Merged Dual Flipped 
(MDF) White Cell that contains switched optical delay lines. The other type of White Cell is a 
Wavelength Tapped Delay (WTD) White Cell that contains optical delay lines of fixed length. 

10 Background Information Regarding the Invention and Discussion of the 
Prior Art. 

Two types of White Cell optical time-delay units for antenna beam forming are disclosed. One 
type of White Cell is a Merged Dual Flipped (MDF) White Cell that contains switched optical 
delay lines. This component is a composite of two White Cell optical cavities that share portions 

15 of a common reflector. Light is directed into either one or the other White Cell cavity according to 
the angular tilts of an array of optical mirrors located on the common reflector. The other type of 
White Cell is a Wavelength Tapped Delay (WTD) White Cell that contains optical delay lines of 
fixed length. These delay lines are accessed by tapping into or out of the single White Cell optical 
cavity through a set of Fabry -Perot (FP) transmission filters. Different FP filters transmit light of 

20 different wavelengths. Thus, the use of different wavelengths of light provides access to different 
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delay line lengths. 

The MDF and WTD White Cells can be cascaded together. In this cascade, one type of White 
Cell can define the antenna beam for one axis (e.g., azimuth) and the other type of White Cell can 
define the antenna beam for the other axis (e.g., elevation). Alternatively, the two types of White 
5 Cell in the cascade can define coarse and fine beam positions. Either White Cell type can be 
placed closer to the antenna aperture in this cascade, but the order of placement can affect the 
preferred orientation of the WTD White Cell. 

The disclosed White Cell technology may be used with steerable antennas such as phased arrays. 
It is especially useful for wide band or large antenna systems, for which beam squint would be a 
10 problem, for both military and commercial applications. 

The White Cells disclosed herein and their cascaded combination achieve true-time-delay beam 
forming for phased array antennas. The true-time-delay approach and use of optical delay lines 
permit squint-free beam forming for signals with very large instantaneous band widths and for 
multi-band signals of very different frequencies. The White Cells are compact and use the same 
15 physical space for a large number of optical delay and switching paths. 

The MDF White Cell is compatible with long sequences of delay lines having lengths that are a 
binary progression (lengths that are multiples of two greater than each other). In contrast, prior 
White Cells for beam forming direct the light successively between at most three different 
possible segment lengths. Thus, the disclosed MDF White Cell requires a smaller number of 
20 optical switches to select a particular time delay. 

The WTD White Cell is a free-space optical implementation of a RF Rotman lens. Most prior 
optical Rotman lenses have been constructed from optical-fiber delay elements. The optical delay 
paths of the WTD White Cell share the same physical space. Thus, the WTD White Cell can be 
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more compact than prior optical Rotman lenses. Also, the WTD White Cell can use optical 
wavelength demultiplexing and multiplexing to split and combine signals, respectively. Prior 
Rotman lenses would require optical-phase sensitive combiners or very long delay paths that 
exceed the optical coherence length. 

5 Since the WTD White Cell makes use of the optical wavelength to select the lens port (or 

combine the optical signals) and the MDF White Cell is independent of the optical wavelength, 
they can be cascaded together. The cascade can achieve more antenna beam angles or positions 
than either White Cell alone and can be used with larger antennas having more array elements. 

A conventional White Cell is an optical cavity comprising three reflective surfaces. It was first 

10 described by J. U. White in a publication in Journal of Optical Society of America, vol. 32, pp. 
285-288 (1942). The use of White Cells to achieve optical time delays suitable for antenna 
beamforming is described by Anderson and Collins in U.S. Patents 6,388,815 and 6,266,176 as 
well as in their publications in Applied Optics, vol. 36, no. 32, pp. 8493-8503 (1997) and in 
Conference Proceedings of 1998 IEEE LEOS Annual Meeting, pp. 273-274 (1998). These prior 

15 art White Cells utilize switched delay lines that require a large number of optical switches to 
select a given delay path, since those paths are composed of segments having a small number 
(typically two or three) of different lengths. The approach described in the LEOS publication 
makes use of binary-length delay segments instead. The publication states that those segments 
can be constructed from glass blocks (a glass channel with reflective walls is presumed), lens 

20 trains (re-imaging the light is presumed) or fibers (to confine or guide the light). The glass blocks 
and lens trains should work, but are physically large and cumbersome. How the fibers would be 
connected to the White Cell is not discussed in the LEOS publication. A seemingly 
straightforward approach might be to have fibers of different lengths and to connect the ends of 
those fibers to the "delay plane". But such an approach would not work since light exiting a fiber 

25 would be imaged back onto the fiber rather than being directed to the array of mirrors (the 

DMDs). The present disclosure teaches how to make connections to optical-fiber delay lines in a 
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different and non-obvious way, through additional optical waveguide connectors. 

With all of these prior art White Cells, each column of optical switches (the spatial light 
modulators or the DMDs) define a single programmable delay and have a single set of input and 
output. In contrast, the MDF White Cell of the present invention can define multiple delays and 
5 can have multiple inputs and outputs for each column. The result, when combined with the 
binary length delay lines, is a more efficient use of the White Cell volume. 

The WTD White Cell of this disclosure has a single White Cell cavity and taps light into and out 
of the White Cell at multiple points in a given column. The prior single-cavity White Cells do not 
have this capability. This tapping allows the single White Cell cavity to be able to generate 
10 simultaneously a variety of delay path lengths with each column. In contrast, prior single-cavity 
White Cells could generate only a single delay path length for each column. 

Some optical implementations of RF Rotman lenses are reviewed by R.A. Sparks in a paper 
presented at the 2000 IEEE International Conference on Phased Array Systems and Technology 
(see the conference proceedings, pages 357-360). Sparks and other researchers also have 

15 constructed and demonstrated various optical Rotman lenses. These prior works do not associate 
different optical wavelength with different lens ports. U.S. Patent 6,348,890 by Ronald R. 
Stephens, which patent is owned by the assignee of this application, describes the use of 
multiple optical wavelengths with an optical Rotman lens implemented with optical fiber delays. 
Proper choice of these wavelengths permits efficient combining of delayed signals with 

20 photodetectors (as described by Stephens in U.S. Patent 6,452,546, which patent is owned by 
the assignee of this application). 

The WTD White Cell disclosed herein makes use of free-space optical delays that are confined 
within a White Cell cavity instead of the optical fibers. Thus, the disclosed WTD White Cell 
implementation can be more compact than other implementations. A prior art Rotman lens that 
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uses free-space optical delay paths is described by Curtis in SPIE Proceedings, vol. 2481, pp. 
104-1 15 (1985). That prior lens performs the signal combining in the optical domain and is 
sensitive to the optical phase differences in the various paths to a given lens port. In contrast, the 
WTD White Cell disclosed herein makes use of optical-heterodyne signals combining at the 
5 photodetector. Thus, the signals are combined in the RF domain and that combining process is 
not sensitive to the optical phases. 

The disclosed MDF White Cell is different from the White Cell described in the LEOS 
publication in that it has multiple input/output ports for each column of reflector switches. Also, 
it makes use of optical waveguides (preferably formed on a substrate) whose ends are tilted with 

10 respect to the endface of the substrate. This tilt causes the light to enter and exit the waveguides 
at an angle. The tilted waveguide entrances/exits thus appear like a standard reflective surface 
since incoming light that is angled with respect to the endface results in outgoing light that is at 
the corresponding opposite angle. The tilted waveguides are used for both accessing the delay 
lines of the MDF White Cell and accessing the input / output fibers. The tilted waveguides make 

15 it possible to have multiple input/output ports (and multiple switched delay lines) in each 

column. So far as the inventor is aware, such tilted waveguides have not been used or associated 
with White Cells or with optical methods for antenna beamforming. 

The WTD White Cell is an optical implementation of the Rotman lens and is based on free-space 
optical delay paths confined in an optical cavity. Prior optical Rotman lenses do not use both 

20 free-space optical delay and optical cavity confinement. The WTD White Cell also uses taps in 
the cavity to obtain different delay path lengths. Prior optical Rotman lenses use optical fibers 
cut to different lengths, instead. Tapped optical delay lines have been used to produce time 
delays for antenna beam forming. Such an approach is described by Li and Chen in IEEE 
Photonics Technology Letters, vol. 9, no. 1, pp. 100-103 (1997). This prior approach taps light 

25 out from every upper-side reflection of each delay line path and does not make use of different 
optical wavelengths. In contrast, the approach of the present disclosure taps light out from only 



-5- 



one of the upper-side reflections of a given delay-line path for a given wavelength. Different 
wavelengths tap the light from different upper-side reflection points. 



Brief Description of the Invention 

In one aspect the present invention relates to a merged dual flipped White Cell including: a dual 
5 White Cell having first and second cell regions; an optical deflector array for selectively deflecting 
light to either a first image plane associated with the first region or to a second image plane 
associated with the second region; a plurality of guided-wave optical delay lines, each of the 
delay lines having an input portion for receiving light at the first image plane and a separate 
output portion for returning delayed light at the first image plane; and a plurality of reference 
10 mirrors and separate guided-wave optical input and output ports in optical communication with 
the optical deflector array and with the plurality of delay lines. 

In another aspect the invention relates to a wavelength tapped delay White Cell including a White 
Cell optical cavity having a flat mirror plane on a first side thereof and curved mirrors on a second 
side thereof, the flat mirror plane having an array of frequency-selective taps. 

15 In another aspect the invention relates an antenna beamformer system comprising one or more 
wavelength tapped White Cells with optical modulators connected to an input of one of the one 
or more wavelength tapped White Cells and a plurality of photodetectors coupled to frequency 
selected taps of the wavelength tapped White Cells. 

In still yet another aspect the present invention relates to an antenna beamformer including a 
20 cascaded arrangement of one or more Wavelength Tapped Delay White Cells and/or one or 
more Merged Dual Flipped White Cells. 
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In another aspect the present invention relates to a method of forming and/or detecting a radio 
frequency beam at an antenna array, the method including applying light waves of a single 
wavelength or of a plurality of discrete wavelengths to at least one optical modulator coupled to 
at least one wavelength tapped delay White Cell, wherein the at least one wavelength tapped 
5 delay White Cell has a White Cell optical cavity with a flat mirror plane on a first side thereof 
and curved mirrors on a second side thereof, the flat mirror plane having an array of frequency- 
selective taps; applying RF signals to the at least one optical modulator and generating RF 
modulated light waves that are coupled to the at least one wavelength tapped delay White Cell, 
whereby the at least one wavelength tapped delay White Cell generates a plurality of time- 
10 delayed RF modulated light waves in response thereto; and coupling the plurality of time-delayed 
RF modulated light waves to at least one photodetector coupled to the the at least one 
wavelength tapped delay White Cell 

In still another aspect the present invention relates to a method of forming and/or detecting a 
radio frequency beam at an antenna array, the method including: applying light waves of a single 

15 wavelength or of a plurality of discrete wavelengths to at least one merged dual flipped White 
Cell, the merged dual flipped White Cell including a dual White Cell with first and second cell 
regions, an optical deflector array for selectively deflecting light to either a first image plane 
associated with the first region or to a second image plane associated with the second region, a 
plurality of guided- wave optical delay lines, each of the delay lines having an input portion for 

20 receiving light at the first image plane and a separate output portion for returning delayed light at 
the first image plane, and a plurality of reference mirrors and separate guided-wave optical input 
and output ports in optical communication with the optical deflector array and with the plurality 
of delay lines; applying RF signals to the at least one optical modulator and generating RF 
modulated light waves that are coupled to the at least one merged dual flipped White Cell, 

25 whereby the at least one merged dual flipped White Cell generates a plurality of time-delayed RF 
modulated light waves in response thereto; and coupling the plurality of time-delayed RF 
modulated light waves to at least one photodetector coupled to the the at least one merged dual 
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flipped White Cell. 



Brief Description of the Drawings 

Figures la and lb illustrate the construction of a Merged Dual Flipped (MDF) White Cell; 
Figure lc is a more detailed, schematic view of a number of optical delay line chips or substrates 
5 used in the MDF White Cell; 

Figure Id is similar to Figure lb, but provides still additional information for the reader; 
Figure 2 illustrates the optical paths through a MDF White Cell; 

Figures 3a and 3b are schematic drawings of a Wavelength Tapped Delay (WTD) White Cell, 
Figure 3a providing an end view of WTD White Cell and Figure 3b providing a side elevation of 
10 the WTD White Cell; 

Figures 3 c and 3d provide schematic views of the taps in a WTD White Cell; 
Figure 4 depicts a beamforming receiving architecture with cascaded MDF and WTD White Cells; 
Figure 5 depicts another beamforming receiving architecture with cascaded MDF and WTD 
White Cells. 

15 Figures 6 and 7, respectively, are conceptually similar to Figures 4 and 5, respectively, but show 
transmitting architectures with cascaded MDF and WTD White Cells. 

Detailed Description of the Invention 

Overview 

This invention disclosure relates to two different techniques for producing true-time delays using 
20 optical delay paths. One technique is based on switching between delay lines of various lengths 
and reference delay segments. This technique is implemented by a Merged Dual Flipped (MDF) 
White Cell. A second technique is based on wavelength-selected taps in optical delay paths. This 
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method is implemented by a Wavelength Tapped Delay (WTD) White Cell. The WTD White 
Cell can be used as an optical implementation of a Rotman lens beamformer. Both techniques 
make use of the confinement of free-space propagating light provided by White Cell optical 
cavities. It is possible to cascade these two types of White Cell to construct a beamformer that 
5 has even more possible time-delay variations than can be obtained with either White Cell type 
alone. Two cascaded architectures are described herein. 

A Merged Dual Flipped (MDF) White Cell 

Figures la and lb illustrate an embodiment of a MDF White Cell 100. Figure lc is similar to 
Figure lb 5 but provides more information to the reader. The disclosed embodiment preferably 

10 comprises multiple modules 102 of a MDF White Cell 100. Each module 102 has three sections: 
a first section 110 containing the binary optical delay lines 1 12, another section 120 containing 
the optical micro-electro-mechanical (O-MEM) mirror/switch array or grating 122, and a third 
section 130 containing optical-fiber input/output ports 132 and reference-delay mirrors 134. Each 
module 102 generates the optical time delays for a number of antenna-element groupings as well 

15 as for a number of beams. The specific number of and type of groupings and the number of 
beams are matters of design choice. 

For example, assume that each module 102 can produce the time delays for eight simultaneous 
beams and 100 rows of antenna elements. B+2 O-MEM switches are needed to achieve B bits of 
distinct delays (i.e. B bits of angular resolution). Thus, this example requires an array of 9,600 
20 O-MEM switches for 10-bit angular resolution in beam forming by this White Cell. A second 
MDF White Cell 100 can be cascaded with the first MDF White Cell 100 to produce the time 
delays for the columns of antenna elements. Thus, by cascading two such White Cells, we can 
accomplish beam forming in two axes. Additional modules of MDF White Cell 100 can be used 
to accommodate more simultaneous antenna beams and more rows and columns of antenna 
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elements. 



This embodiment of a White Cell structure is called a "Merged Dual Flipped" White Cell because 
two White Cells are flipped (one with respect to the other) and are merged into a single structure. 

The optical delay lines, which are preferably formed, in part, by optical fibers 1 12 and, in part, 
5 by optical waveguides 116, have lengths that are preferably binary multiples of each other and 
are addressed by O-MEM mirrors/switches 122. A grating could alternatively be used instead of 
the O-MEM mirrors/switches to reflect light between the upper and lower cell regions. The delay 
lines 1 12, 1 16 of each module can be located on or accessed by a number of optical-waveguide 
chips 1 14. See also Figure lc which depicts a single chip 1 14 with delay lines 112, 116ina solid 

10 line representation and depicts the fact that a number of such chips 1 14 would be used together 
by showing additional chips 114 and their delay lines in dashed lines. Optical waveguides 1 16 are 
provided on chips 1 14 and are preferably constructed as silica waveguides 1 16 on or in a silicon 
substrate of each chipl 14. Silica-on-silicon waveguides 116 can be obtained from various 
commercial foundries. Each delay line 1 12, 1 16 may include a looped path 1 12 that terminates in 

15 input and output portions 1 16i, 1 16o that are implemented as optical waveguides 1 16 in chip 
114. Those input and output waveguide portions 1 16i, 1 16o are tilted at angles of +<|> and -<{>, 

respectively, with respect to the endface 1 18 of each waveguide chip 1 14. The reason for this 
tilting is to cause the endface 1 18 to act like a reflective surface (e.g. like a mirror) that also adds a 
prescribed delay to the reflected light. The amount of the delay is determined by the length of the 
20 delay line connected to the portion of the endface receiving and reflecting light. Note that the 

input and output angles (j) for the loop are opposite, with respect to the incident-surface (i.e., the 
endface 1 18 of the chip 1 14) normal. 

A number of chips 1 14 can be stacked together as represented by the dashed lines in Figure lc. 
Only a few chips 1 14 are shown stacked for ease of illustration, but in practice, many chips 114 
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may be so stacked. The endfaces 1 18 of these chips 1 14, when so stacked, define a large planar 
reflecting surface containing many input portions 1 16i onto which the light can be directed by 
means of the O-MEM mirrors/switches 122 and many output portions 1 16o from which 
appropriately delayed light emanates and returns to the O-MEM mirrors/s witches 122. Since the 
5 input and output portions 1 1 6i and 1 1 6o are arranged in a two dimensional array when a number 
of chips 1 16 are stacked together, the O-MEM mirrors/switches 1 12 are similarly arranged in a 
two dimensional array so that the O-MEM mirrors/switches 1 12 are utilized to address the input 
and output portions 116i and 116o appropriately. 

The delay lines can be implemented solely by optical waveguides 1 16 on the chip or by a 

10 combination of the optical waveguides 116 and optical fibers 1 12. The optical fiber delay 

segments 1 12 are coupled to and accessed through waveguide connector segments 116 located on 
the silica-on-silicon chip 1 14. As an example, consider an antenna having a width of 10 meters 
that would require a maximum time delay equivalent to a path difference of 17.3 meters. This 
would be accomplished by a cascade of optical guided-wave delay lines whose lengths decrease in 

15 a binary progression with the maximum length being 5.8 meters. Note that the optical refractive 
index for silica optical fibers 112 and waveguides 1 16 is approximately 1 .5. The minimum length 
of the optical delay lines depends on the number of rows or columns in the antenna, on the 
desired angular scan range and on the highest frequency of the signal, which determine the angular 
resolution. If the antenna has 10-bit angular resolution, the shortest optical delay line has a length 

20 of approximately 0.6 cm. The shorter delay lengths could be implemented solely by using optical 
waveguides formed in the silica-on-silicon substrate. Longer lengths call for a combination of 
optical waveguide and optical fiber. Note also that optical fibers have a lower attenuation, of 0.1 
dB/km, compared to a silica waveguide attenuation of 0. 1 dB/cm, and thus this is another reason 
for using optical fiber with the optical waveguides to provide the requisite delay. The length 

25 precision of silica waveguide delay lines, which are patterned by photolithography techniques, 
can be better than several micrometers. Optical fibers can be cut and polished to a length 
precision of better than 0.1 cm. 
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Each MDF White Cell 100 module contains a second set of waveguides 136 and reflectors 
(mirrors) 134 that are used for the input / output from the module 102 and for establishing 
reference delay paths. The lower image plane 138 is defined by the endfaces of a stack of silica- 
on-silica waveguide chips 133 that are preferably similar to chips 1 14 (and preferably equal in 
5 number), but instead of inserting additional delay, each chip 138 either inserts no additional delay 
(as the light is reflected from surface 134 thereon instead of being channeled into delay lines) or 
the light is conducted to or away from the image plane 138 by waveguides 136. 

The optical path is switched between the I/O/reference set (the lower set in Figure lb) and the 
delay-line set (the upper set in Figure lb) by means of the merged dual White Cell and an array of 

10 O-MEM mirror switches 122. The present White Cell configuration improves upon a prior 
approach suggested by researchers at Ohio State University in their LEOS publication. The 
present MDF White Cell 100 comprises two White Cell regions 140, 142 that are optically 
coupled to the shared array of O-MEM switches 122. One of the White Cell regions (the upper 
region 140) is selected when the mirrors 122 are tilted up (e.g., to, say, +20 degrees). This White 

15 Cell region 140 contains the O-MEM switches 122 as well as the optical- waveguide delay lines 
112, 116. The other White Cell region (the lower region 142) is selected when the mirrors 122 are 
tilted down (e.g., to, say, -20 degrees). This second White Cell region 142 contains the O-MEM 
switches 122 and the input/output fibers and reference delays. 

Each traversal through the MDF White Cell 100 accesses a successive mirror switch of the 
20 O-MEM array 122. In this way, the optical path progresses from input fiber 132i to output fiber 
132o and through the selected delay lines 112, 1 16 or reference delay 134. For B bits of delay, 
one needs to use B+2 switches, since two switches are used for directing light from/to the input 
and output fibers, respectively. Light can traverse between the two region 140 and 142 since they 
share the same mirror region 120. The function of the lens 144 is discussed in the patents of 
25 Anderson and Collins noted above. 
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The path of traversal of the light through the switches of the O-MEM array is illustrated by 
Figure 2 for two different delay selections 150, 152. These separate delay selections could 
correspond to different antenna beams or different rows of antenna elements. 

The MFD White Cell has three different image planes that are located adjacent to each other. The 
5 upper (or first) image plane 118 contains images of the entrances/exits of the waveguides 1 16 for 
the delay lines 112, 116. The lower (or second) image plane 138 contains the reference-delay 
mirror surface 134 and also images of the entrances/exits for waveguide connectors for the input 
and output fibers. The middle (or third) image plane 128 contains the O-MEM array switches 
122. 

10 For each delay selection 150, 152, the light undergoes a number of bounces off the image planes 
118, 128, 138. The sequence of possible bounces are numbered in Figure 2, with the input and 
output intersections labeled by In and Out. The light bounces alternately between the middle 
image plane 128 and either of the upper image plane 118 and lower image plane 138. Whether the 
upper or the lower image plane is selected for the next bounce depends on whether the O-MEM 

15 mirror for the present bounce is tilted upward or downward. Note that the sequence of bounces 
(explained in greater detail below) proceeds in the upward direction for upper 1 1 8 and the lower 
138 image planes. However, the sequence of bounces proceeds in the downward direction for the 
middle image plane 128. Essentially, for the upper White Cell region 110, the O-MEM mirror 
image is located at the lower portion of that cell. However, for the lower White Cell region 130, 

20 the same O-MEM mirror is imaged onto the upper portion of that cell. 

Consider delay selection 150. The light comes in the In port 132i (Figure 1, labeled simply "In" 
on the lower image plane 138 of Figure 2) and traverses to the mirror (of array 122) labeled with 
the numeral "1". Depending on the tilt of this mirror, the light is either reflected back towards the 
lower image plane 138 (when the mirror is tilted down) or is reflected towards upper image plane 
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1 18 and the delay lines 1 12, 1 16 thereat (when the mirror is tilted up). So, depending on the tilt 
of that mirror (at numeral 1), the light traverses to numeral 2 either at the lower or upper image 
plane. If the light traverses to the upper image plane, then additional (one bit worth) delay is 
inserted. Otherwise, the light traverses to the lower plane where no additional delay is inserted 
5 (the bit is zero). The significance of the bit corresponds to the length of the corresponding delay 
line 1 12, 1 16. The light is then reflected back to the array 122 of O-MEMS where it hits another 
mirror (labeled "3" in this case) and is reflected either toward the lower image plane 138 (when no 
additional delay is to be inserted) or toward the upper image plane 1 1 8 (when additional delay is 
to be inserted). In either case, the light from the O-MEMS labeled with the numeral 3 traverses to 
10 a spot labeled with the numeral 4 on either the upper or lower image planes. This process 

continues until the light is reflected back to the Out Port 132o (labeled simply as "Out 55 on Figure 
2). 

The mirror labeled "7" in the middle image plane would always point downward in this 
embodiment in order to return the light to the associated Out Port 132o, so there is no need for 
15 the last mirror (number "7 55 in this embodiment) to be moveable. 

Figure Id provides some additional information regarding this embodiment. In this figure only one 
O-MEM mirror 122 is depicted. It is shown in two possible positions: (i) a first position in 
which it reflects light (drawn in solid lines) towards the first (or upper) image plane 118 and (ii) a 
second position in which it reflects light (drawn in broken lines) towards the second (or lower) 
20 image plane 138. 

A Wavelength Tapped Delay White Cell 

A Wavelength Tapped Delay (WTD) White Cell 200 contains a single White Cell optical cavity 
210 instead of the dual cavities of the MDF White Cell 100. It also does not contain O-MEM 
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switches, but selects the optical path lengths by the locations of its entrance/exit ports 220. 
Figures 3a and 3b show an embodiment of a WTD White Cell 200. The WTD White Cell 200 
makes use of free-space optical delays, with the White Cell cavity confining the light in a 
compact package. This embodiment is similar to the prior art White Cells of Anderson and 
5 Collins in that it uses a lens 212 and flat mirror plane 214 instead of a curved mirror on one side 
of the cavity. The two mirrors 216 on the other side of the cavity are preferably spherically 
curved, as usual. However, instead of taking the light into and out of the White Cell from the two 
ends of the flat mirror plane 214, as is done in the prior art, the WTD White Cell 200 has taps 
218 located within the flat mirror plane 214 for one of the inputs/outputs 220. The other 
10 input/output is located at one end of the flat mirror plane, which contains a set of mirrors 224 
acting as multiplexing ports 226. 

The taps 218 of the WTD White Cell 200 are preferably implemented by sets of Fabry-Perot 
(FP) transmission filters 222 that are located at specific spots on the flat mirror 214. These filters 
222 tap light of specific wavelengths into (or out of) the optical cavity 200 and reflect light of the 
15 other wavelengths (so that light of those wavelengths remain in the optical cavity). Each optical 
wavelength can be associated with a given row of antenna elements or a given antenna beam angle. 

The Fabry-Perot filters 222 are responsive to different frequencies (or wavelengths). So this 
embodiment, the WTD White Cell 200, is fundamentally different from the MDF White Cell 100 
where the path lengths are controlled externally as opposed to this embodiment where the path 
20 lengths are a function of frequency. 

A set of time delays can be mapped onto the surface of the flat mirror 214, with each row of 
spots on the mirror matched to the same time delay. Different columns of spots (or pairs of 
columns) may correspond to signals for different antenna beam angles or different antenna 
elements. The FP filters (mirrors) 222 located at various spots on the flat mirror 214 couple light 
25 into (or out of) the WTD White Cell 200. Different FP mirrors 222 preferably have different 
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transmission-peak wavelengths. In this way, each entrance (or exit) spot is coded in wavelength. 
Each wavelength could represent a particular time delay (e.g. corresponding to a particular 
antenna element or a particular row/column specification for a particular antenna beam angle). 

Note that the light must be incident onto the FP mirrors 222 at a proper angle. The light traveling 
5 through the White cell 200 progressively bounces off spots on the flat mirror 214 in the sequence 
230 shown on Figure 3 a. The sequence 230 for light entering from the FP mirrors 222 is 
illustrated in Figure 3 a. The reverse sequence would apply for light exiting from the FP mirrors 
222. Each bounce represents an increment in the time delay. The longest and shortest delays are 
tapped by FP mirrors 222 located at the upper or lower edges of the mirror 214. Intermediate 

10 delays are obtained by tapping in (or out) near the center of the mirror 214. All of the light (at 
multiple wavelengths) for a given beam angle is coupled out of (or in to) the White Cell cavity 
210 through the same spot 226 on the mirror 224 (i.e., they become wavelength multiplexed 
together). This light can be directed to a photodetector, which would then combine the signals in 
the RF electrical domain. Alternatively, the light can be supplied by lasers of multiple 

15 wavelengths to the same spot 226 on the mirror 224. The spacing between adjacent bounces on 
the flat mirror 214 is determined by the spacing between the centers of curvature of the two 
curved mirrors 216 of the White Cell. Thus, this spacing is preferably kept small to obtain the 
large number of bounces needed for antenna arrays with many elements. 

For one mode of generating the WTD beamformer, a group of FP mirrors 222 in each column or 
20 column pair 220, 221 is connected to a distinct antenna element, with the central elements of the 
antenna array associated with the center columns and the outer elements with the outer column 
pairs. Multiple signals corresponding to multiple antenna beam angles may couple through the 
same multiplexing port 226 on the mirror 224 with those signals having different wavelengths 
corresponding to different antenna element delays. 

25 For another mode of generating the WTD beamformer, groupings of the FP mirrors 222 that are 
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associated with the same antenna element are located along diagonals of the flat mirror 214. Figure 
3c shows an array of FP mirrors 222 closely packed on plane 214. Figure 3d shows a subset of 
the same FP mirrors 222, but in this case the columns of mirrors 222 are shown spread apart and 
some rows are not shown for ease of illustration. In Figure 3d the connections to two 
5 representative antenna elements 401 are depicted, showing the association with groups 403 j ... 

403 k of FP mirrors. 

Figure 3d shows light being supplied to the taps 21 8 on the flat mirror plane 214. For any given 
antenna element 401 and any given frequency or wavelength (X ^ , ... , or X .), only certain 

locations on the flat mirror plane 214 will serve as taps and will be frequency-responsive and 
10 those frequency-responsive FP filter/taps 222/ 218 will allow the light of the selected frequency 
to enter the optical cavity of the White Cell 200. The light, after bouncing in the sequence 
discussed with reference to Figure 3 a, and thus being appropriately time-delayed, will exit via exit 
mirror 224. In this case, each multiplexing port 226 is associated with a different antenna beam 
angle. 

15 A way to further distinguish signals for multiple antenna beams that have delays produced by 
the same WTD White Cell 200 is to use different subsets of optical wavelengths for those beams. 
This use of different subsets of optical wavelengths is described by Stephens in the 
aforementioned U.S. patent 6,452,546, which patent is owned by the assignee of this application. 
The wavelength of each subset of optical wavelengths corresponds to the different antenna 

20 element delays of a particular antenna beam angle. It may be possible to couple the wavelengths 
within a subset through the same set of FP mirrors by proper design of the transmission 
bandwidth of those mirrors. 
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Cascaded WTD and MDF White Cells 

The WTD White Cells 200 and MDF White Cells 100 can be cascaded together. One beamformer 
architecture with such a cascade is illustrated in Figure 4 and another beamformer architecture 
with such a cascade is illustrated in Figure 5. These figures, and the following discussions, also 

5 further elucidate other modes of operation of the WTD White Cell 200. The antenna Receive 
function is shown. As is depicted by Figure 4, a set of WTD White Cells 200 and a set of MDF 
White Cell 100 modules form the beams for an array of N x J antenna elements. There are N 
WTD White Cells 200, with each WTD White Cell 200 having J sets of inputs. A possible 
arrangement of those inputs is illustrated by Figure 3d. Each set 403 of input taps 222 of a WTD 

10 White Cell 200 contains K input taps 222, corresponds to a distinct antenna element 401 and is 
associated with a common wavelength (A i , A , ... , A.). The K input taps of a given set 403 are 

associated with K different simultaneous antenna beams defined by WTD While Cell 200. 
Typically, K < J. The signal from a given antenna element 401 is preferably amplified in a LNA 
and then modulates an optical carrier of wavelength (A j ... A .) by means of an opto-electronic 

15 modulator MOD. The resulting RF-modulated optical signal is split into K paths that distribute 
those K portions of the RF modulated optical signal to the multiple FP mirror input taps 222 
corresponding to that element. Note that the multiple paths between the split and the multiple 
FP mirror taps 222 preferably have the same length. The differences in delay that define the 
antenna beam angle thus are produced solely by the differing locations of these taps 222 in WTD 

20 White Cell 200. The WTD White Cell 200 would typically also have K outputs. Those outputs 
correspond to different antenna beam positions that are defined by the various path delays of the 
White Cell. Note that the WTD White Cell 200 could be configured to define as many as J 
possible different antenna beam positions. Each output is taken from a different spot on the I/O 
mirror 224 of the White Cell and also is associated with a different column (or column pair) of 

25 spots in the flat mirror 214. The WTD White Cell 200 could have as few as M outputs (with M 
< J), where M is the number of simultaneous antenna beams processed by the receivers of the 
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antennas. 

Each output port 226 of the WTD White Cell 200 has multiple wavelengths multiplexed 
together. Those wavelength-multiplexed optical signals are routed through the MDF White Cell 
100 modules. The MDF White Cell 100 imposes an additional prescribed time delay to each of 
5 those signals. Signals from the same WTD White Cell 200 could have the same or different time 
delay added to them. The MDF White Cell 100 provides the time delays for the N columns of 
antenna elements and for K possible beam positions along their other axis. Phase coherent signal 
summation for the J time-delayed signals (of J multiple wavelengths) is done at each 
photodetector 410 to define the beam angle in the axis of the J antenna elements. There are N 
10 WTD White Cells associated with N sets of J MDF White Cells for the N columns antenna 
elements. The outputs of groups of N photodetectors 410 are then summed to define the beam 
angle in the axis of the N elements. The result is K separate signals. An K:M RF switch array 
420 then can be used to select and connect those K signals to M receivers, for the multiple 
antenna beams. 

15 If the MDF White Cells 100 are omitted, then the photodetectors 410 are moved to the location 
identified by numeral 410a at the outputs of the WTD White Cells 200. In such an embodiment 
the antenna would form multiple beams only in one scan dimension (e.g. in an azimuth direction 
with the beams all having a common elevation angle). By using both the MDF White Cells 100 
and the WTD White Cells 200 cascaded as described above, two dimensional scanning can be 

20 obtained. 

A second beamformer architecture is shown in Figure 5. This figure illustrates the WTD White 
Cell 200 operating in the reverse direction. For this architecture, the MDF White Cell 100 is 
located closer to the antenna elements and the WTD White Cells 200 are located closer to the M 
receivers. Again, the antenna Receive function for a NxJ array is illustrated. K different optical 
25 wavelengths are multiplexed together and supplied to each modulator, which is associated with a 
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given antenna element. Typically K < J, with K corresponding to the number of simultaneous 
beams defined by the WTD White Cells. The RF-modulated light is then supplied to the MDF 
White Cell 100, which produces the time delays for defining the beams in the axis of the N 
antenna elements. Those N sets of J time-delayed signals are then supplied to N WTD White 
5 Cells 200. 

Each WTD White Cell 200 now has J wavelength multiplexed inputs. Those inputs are supplied 
to the I/O mirror 224 of White Cell 200 and mirror 224 now functions as an "input" mirror to 
White Cell 200. The FP mirror taps 222 are used as outputs of the White Cell. Each FP mirror 
tap is supplied to a different photodetector 410. The photodetectors 410 could be mounted 

10 directly above the FP mirror taps. A possible arrangement of the FP mirror taps is illustrated in 
Figure 3a, with taps associated with the same wavelength being grouped together. Photodetectors 
410 associated with a common optical wavelength are likewise grouped together into the same 
set. The outputs from photodetectors 410 of the same set are combined together to produce a 
summed RF signal. For example, the optical paths associated with photodetector set A of Figure 

15 3 a are illustrated by heavy lines in the WTD White Cell 200 in Figure 5. The optical paths 
associated with two other photodetector sets are illustrated in Figure 5 by relatively thin lines 
and by dotted lines. The various optical paths between the FP mirror taps 222 and 
photodetectors 410 of the same set should preferably have the same length. Furthermore, the 
various electrical paths from photodetectors 410 to the point at which their outputs are summed 

20 together also should preferably have the same length. 

It is possible to sum the output currents from multiple photodetectors 410 directly by 
connecting them to a common summing junction input of a RF amplifier (such as a trans- 
impedance amplifier, not shown). The maximum number of photodetector outputs that can be 
combined in this manner depends on the signal bandwidth needed and on the bandwidth of the 
25 photodetectors 410, which are connected in parallel. For example, photodetectors 410 that have 
bandwidths exceeding 40 GHz are available commercially. More than sixteen of these 
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photodetectors can be connected together when the required signal bandwidth is 2 GHz. If the 
output from even more photodetectors 410 must be summed together, those devices can be 
grouped into sets of sixteen (for example), with the combined output for each set further summed 
by conventional RF summing methods used for phased array antennas. 

5 The summed photodetector outputs from different WTD White Cells 200 that correspond to the 
same beam position in the axis of the J elements are then summed together using conventional RF 
methods. This summing defines the beam position in the axis of the N elements. The result is K 
possible beam positions. A K:M RF switch array 420 then selects among those possible beam 
positions for the signals to the M receivers. For both architectures illustrated by Figures 4 and 5, 
10 the selection of the beam position is done partly by the RF switch array settings (which select 
the beam position in one axis) and partly by the settings of the optical switches in the MDF 
White Cell 100 (which select the time delays to form the beam in the other axis). 

With the understanding provided by the descriptions in the present disclosure, one 
knowledgeable in the art of photonics and RF antennas should be able to derive suitable 
15 architectures for the antenna Transmit function. These architectures could include use of optical 
modulators, photodetectors, multiple optical wavelengths, the MDF White Cell 100 and WTD 
White Cells 200. 

Figures 6 and 7, respectively, are conceptually similar to Figures 4 and 5, respectively, but show 
transmitting architectures with cascaded MDF and WTD White Cells as opposed to receiving 
20 architectures. 

For the transmit architecture of Figure 6, the WTD White Cells 200 are operated in a reverse 
function compared to the receiver architecture of Figure 4. This reverse operation of the WTD 
White Cells 200 was described previously for the architecture of Figure 5. Light at multiple 
wavelengths (X , X , ... and X) is output from the modulators MOD and then the wavelengths 
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are each time delayed with an appropriate time delay by the MDF White Cells 100 to thereby 
define beam positions along the axis of the N antenna elements. That light is then supplied to the 
multiplexing ports 226 in mirrors 224 of the WTD White Cells 200. The wavelength selective 
taps 218 function as the outputs of the White Cells 200. The output of each tap 218 is supplied 
5 to a separate photodetector 410 and the taps 218 are grouped into sets (e.g. 403 { & 403 K as is 

illustrated by Figure 3d). The optical paths associated with the same set of taps (e.g. 403 or 

403 K ) are illustrated in Figure 6 by lines having a common weight and style (e.g. solid and heavy). 

The optical paths associated with different sets of taps are illustrated with lines of different 
weights and styles (e.g. solid and heavy compared to light and dotted). Groupings of outputs 
10 from the photodetectors 410 that are associated with the same antenna element are then summed 
together in the RF domain and typically feed a RF power amplifier that supplies the signal for 
the antenna elements. Techniques for summing together the outputs of multiple photodetectors 
are discussed above in connection with Figure 5 and those techniques can also be applied here as 
well. 

15 For the transmit architecture of Figure 7, the WTD White Cells 200 are operated in a manner 
similar to that of Figure 4. In this embodiment, light of a single wavelength (A , X , ... or A r ) is 

supplied to each modulator MOD, which modulates the desired RF signal for the antenna beams 
associated with that wavelength (A ^ , A , ... or A ) . The RF-modulated light at each wavelength 

is divided among N WTD White Cells 200 and then is further divided among J input taps 218 of 
20 each WTD White Cell 200. The taps 218 are grouped into groups (e.g. 220, 221 as illustrated in 
Figure 3a) that are associated with the same antenna element. Light from the taps 218 of the same 
group (e.g. 220, 221) is coupled to the same multiplexing port 226 for output from the WTD 
White Cell 200. That outputted light, which comprises RF-modulated light at multiple 
wavelengths (X , ... or A ) is fed, after passing through a MDF White Cell 100, to the 

25 photodetector 410 associated with that same antenna element. The photodetector 410 performs 
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coherent summation of the RF signals, carried at the multiple wavelengths and then typically 
delivers the summation (the summed signals) to a power amplifier associated with that antenna 
element. 

The MDF White Cell 100 is a reversible optical element. Thus its input ports 132i and its output 
5 ports 132o can be reversed in operation so that the input ports 132i function as output ports and 
output ports 132o function as input ports instead. The operation of the MDF White Cell 100 is 
the same for both receiver and transmitter architectures. 

The particular beamforming architecture that is selected for a given antenna system depends on 
the applications of the antenna system. For example, the WTD White Cells 200 in the 
architecture of Figure 4 and 6 could be used to establish various elevation angles for the antenna 
beams, with a given port of the WTD White Cell 200 associated with a particular elevation angle. 
In that case, each WTD White Cell 200 would connect to a different column of antenna elements. 
One or more receivers could be assigned to each multiplexing port 226. The MDF White Cell 
100, again with a different module for each receiver, could be used to steer the beam in azimuth 
within a given elevation swath. This latter example is especially relevant to some air-traffic 
control scenarios. Note that different elevation swaths may have different sized targets or 
different needs for spatial resolution or Doppler performance (i.e., different frequency bands and 
instantaneous band widths). This varying need can be addressed by groupings with larger or 
smaller numbers of antenna elements and of possible time delays produced by the White Cells 
described herein. 

Each WTD White Cell 200 in the architectures of Figures 5 and 6 could also be used to form the 
beams for a subarray of J elements (arrayed along one of the two axes). Thus, each port of the 
WTD White Cell 200 would correspond to a coarse beam position or coverage area. A different 
receiver could be assigned to each of those coarse beam coverage areas. The MDF White Cell 100, 
25 with a different module for each receiver, could then be used to steer the beams within those 
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coverage areas along that axis. Multiple receivers or transmitters could be assigned to the same 
coverage area if the communications traffic or number of radar targets in a given area is high. The 
MDF White Cell 100 also could be used to steer the beam in an orthogonal axis as described 
previously herein. 

Having described this invention in connection with a number of embodiments, modification will 
now certainly suggest itself to those skilled in the art. As such, the invention is not to be limited 
to the disclosed embodiments except as required by the appended claims. 
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